Sex differences in brain function underlie robust differences between males and females in both normal and disease states. Although alternative mechanisms exist, sexual differentiation of the male mammalian brain is initiated predominantly by testosterone secreted by the testes during the perinatal period. Despite considerable advances in understanding how testosterone and its metabolite estradiol sexually differentiate the brain, little is known about the mechanism that generates the male-specific perinatal testosterone surge. In mice, we show that a male-specific activation of GnRH neurons occurs 0 -2 h following birth and that this correlates with the male-specific surge of testosterone occurring up to 5 h after birth. The necessity of GnRH signaling for the sexually differentiating effects of the perinatal testosterone surge was demonstrated by the persistence of female-like brain characteristics in adult male, GnRH receptor knock-out mice. Kisspeptin neurons have recently been identified to be potent, direct activators of GnRH neurons. We demonstrate that a population of kisspeptin neurons appears in the preoptic area of only the male between E19 and P1. The importance of kisspeptin inputs to GnRH neurons for the process of sexual differentiation was demonstrated by the lack of a normal neonatal testosterone surge, and disordered brain sexual differentiation of male mice in which the kisspeptin receptor was deleted selectively from GnRH neurons. These observations demonstrate the necessity of perinatal GnRH signaling for driving brain sexual differentiation and indicate that kisspeptin inputs to GnRH neurons are essential for this process to occur.
Introduction
Sexually differentiated brain circuits drive sexually dimorphic behavior and function in many species including humans (Simerly, 2002; Luders and Toga, 2010; Kimura, 2011) . Although genes expressed off the sex chromosomes play a role (Arnold and Chen, 2009) , gonadal steroid hormones are primarily responsible for sexually differentiating the brain acting through perinatal organizational mechanisms (Simerly, 2002; Arnold and Chen, 2009; McCarthy et al., 2012) . The organizational effects of the perinatal testosterone surge irreversibly establish a multitude of sexual dimorphisms within the CNS (Arnold, 2009; Lenz et al., 2012; McCarthy et al., 2012) . Over recent years considerable effort has focused upon understanding the molecular and cellular mechanisms through which testosterone, and its metabolite estradiol, organize the sexual differentiation of brain structure and function (Bakker and Brock, 2010; Forger and de Vries, 2010; McCarthy and Arnold, 2011) .
The mechanism underpinning the generation of the perinatal testosterone surge in males is not well understood. One possibility is that male-specific activation of gonadotropinreleasing hormone (GnRH) neurons in the perinatal period elevates luteinizing hormone (LH) secretion that, in turn, drives the perinatal testosterone surge. In support of this hypothesis, GnRH is able to activate pituitary gonadotrophs from late gestation onward (Wen et al., 2010) , and testosterone levels are known to become dependent upon GnRH and LH in the days following birth in male rodents (O'Shaughnessy et al., 1998) . Further, male rats as well as humans exhibit elevated LH levels concurrent with the perinatal testosterone surge (Corbier et al., 1978; de Zegher et al., 1992) . However, other investigators have found contradictory results (Pang et al., 1979; McGivern et al., 1995) and studies examining the hpg mutant mouse, deficient in GnRH, have also reported conflicting observations in relation to brain sexual differentiation (Livne et al., 1992; Gill et al., 2010; Poling and Kauffman, 2012) .
Kisspeptin signaling through Gpr54 is now acknowledged to be one of the most potent activators of GnRH neurons with key roles in puberty onset and adult reproductive functioning (Roa et al., 2011; Kirilov et al., 2013) . There is also growing evidence that kisspeptin may regulate the activity of GnRH neurons in the perinatal period. Embryonic GnRH neurons express Gpr54 and re-spond to kisspeptin (Constantin et al., 2009; Fiorini and Jasoni, 2010; Knoll et al., 2013; Kumar et al., 2014) , a male-biased sex difference in Gpr54 expression by GnRH neurons is observed at birth , and a recent study has shown that arcuate nucleus (ARN) kisspeptin neurons begin to form synapses with GnRH neurons from mid-gestation onward (Kumar et al., 2014) .
In the present series of investigations we have used genetically modified mouse models to examine the hypothesis that kisspeptin inputs to GnRH neurons are required for the perinatal activation of testosterone secretion in males that leads to sexual differentiation of the brain. In the first series of studies we readdress the role of GnRH neuron signaling in generating sexual dimorphisms in the brain and in the second series we examine the necessity of kisspeptin inputs to GnRH neurons in this process.
Materials and Methods
Animals. All experiments were approved by the University of Otago Animal Welfare and Ethics Committee or the Animal Care Committee of University of Victoria. Mice were housed under a 12 h light/dark lighting schedule (lights on at 6:00 A.M.) with ad libitum access to food and water. Experiments were undertaken on wild-type and two genetically modified C57BL/6J mouse lines: GnRH receptor-null mice (GnRHR-KO; Wu et al., 2010) and mice with GnRH neuron-selective deletion of Gpr54 (GnRH-Gpr54KO; Kirilov et al., 2013) . The sex of embryonic and early postnatal mice was confirmed with PCR as detailed previously (Simonian and Herbison, 2001) .
Collection of samples from embryonic and early postnatal mice. Timedpregnant female wild-type mice were killed by cervical dislocation on E17 or E19, the uteri were removed, and the embryos dissected from the uteri. For the collection of blood or brain samples from early postnatal mice, timed-pregnant mice were checked every 2 h from E18 until the birth of the litter (designated as P0). Care was taken to disturb dams as little as possible during the checking process, and during the dark phase mice were checked under red light illumination. Brains of P0 male and female mice were collected 2-3 h after birth for immunohistochemical (IHC) studies of GnRH neurons (n ϭ 4/sex). Brains were collected from E17 and E19 and P0, P1, and P5 mouse pups of both sexes for kisspeptin IHC studies (n ϭ 2-12/sex/age).
Blood was collected from P0 pups in 1 h time intervals over the first 4 h following delivery of the litter, and also from P2 and P7 mice following decapitation. To provide sufficient volume for analysis, it was necessary to pool plasma from two P0 pups (n ϭ 3-18 pools/time interval/sex). P2 and P7 pups provided sufficient plasma volume for individual analysis. Blood was collected from GnRH-Gpr54KO mice and littermates 1-2 h following delivery of the litter (n ϭ 8 -18 per group). Plasma was collected after centrifugation of the blood samples at 4G for 4 min and then stored at Ϫ20°C until assayed. The testosterone levels were determined using an ELISA for total testosterone (DEV9911; Demeditec Diagnostics). The sensitivity was 0.05 ng/ml and the intra-assay coefficient of variations were 1.30% (Experiment 1) and 5.37% (Experiment 6).
Timed-pregnant dams were given a subcutaneous injection of 100 l of sesame oil or sesame oil containing 1 mg of either testosterone propionate or dihydrotestosterone (DHT) on E18. Dams were allowed to deliver naturally and the brains of the pups were collected on P0 (n ϭ 4 -5/sex/treatment).
Adult gonadectomy and testosterone replacement. To examine perinatal organizational actions of sex steroids on brain sexual differentiation, wild-type and mutant mice were gonadectomized (GDX) in the peripubertal period and testosterone immediately replaced to normalize the activational effects of sex steroids among the different genotypes. Although there is increasing evidence that gonadal steroids can have an impact on female brain sexual differentiation between the perinatal and postpubertal period (Campbell and Herbison, 2014) , the present approach is very likely to isolate the effects of perinatal organizational actions of gonadal steroids in males. Mice (P41-P45) were GDX under isoflurane anesthesia and given a subcutaneous testosterone implant.
Two weeks later mice were re-anesthetized and perfused. Testosterone implants were constructed from SILASTIC brand silicon tubing (i.d. 1.47 mm; o.d. 1.95 mm) cut into 1 cm long pieces, filled with micronized testosterone, and sealed at both ends with SILASTIC brand adhesive.
Immunohistochemistry. Brains of embryonic and early postnatal mice were dissected and emersion fixed in 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.6, for 4 h. The brains were then transferred to a TBS (0.5 M Tris, 0.15 M sodium chloride, pH 7.6) solution overnight. A single set of 50-m-thick coronal brain sections was cut from each animal on a vibrating microtome (Leica VT1200S) from the medial septum through to the end of the ARN. Sections were transferred into netwells (Corning) to prevent damage from manual tissue transfer during freefloating IHC procedures. For the collection of brains from mice aged P5 and adult, animals were anesthetized with an intraperitoneal injection of sodium pentobarbital (3 mg/100 l) and perfused directly through the left ventricle of the heart with 5 ml (P5 mice) or 15 ml (adult mice) of 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.6. The brains were removed from the skull and post fixed in the same fixative for 60 min at 4°C, then transferred to a 30% sucrose-TBS solution overnight. Brains from adult mice were frozen on the stage of a sliding microtome, and two sets of coronal sections (30 m thick) were cut from the medial septum through to the end of the ARN. One of the two sets of sections from each mouse was used for IHC.
Free-floating single-or double-label IHC was undertaken as previously reported (Clarkson et al., 2008 (Clarkson et al., , 2009b . Briefly, brain sections were incubated for 48 h at 4°C in well characterized polyclonal primary antisera directed against either cFos (rabbit, 1:8000; SC52; Santa Cruz Biotechnology; Li et al., 1999) , vasopressin (guinea pig anti-(Arg 8 )-vasopressin antiserum, 1:30,000; Peninsula Laboratories; Alves et al., 1998) , TH (rabbit, 1:5000; Merck Millipore; Bu and Lephart, 2007) , or kisspeptin (rabbit, 1:10,000; #566, A. Caraty, Institut National de la Recherche Agronomique; Clarkson et al., 2009b) . Sections were then incubated in biotinylated anti-rabbit or anti-guinea pig immunoglobulins (1:400; Vector Laboratories) followed by Vector Elite avidin-peroxidase (1:400; Vector Laboratories) and nickel-enhanced DAB that resulted in a black precipitate within either the nucleus (cFos) or the cytoplasm (vasopressin, TH, or kisspeptin) of the labeled cell. For the second immunolabeling, sections were incubated in 3% hydrogen peroxide to quench any remaining peroxidase activity and then washed and incubated in a GnRH antiserum (polyclonal rabbit, 1:20,000; LR5, R. Benoit, Montreal, Canada; Hoffman et al., 1990) followed by peroxidase-conjugated antirabbit immunoglobulins (1:400; Vector Laboratories) and DAB without nickel to generate a brown precipitate within the cytoplasm. Controls consisted of experiments in which each primary antibody was omitted from the IHC procedures.
IHC analysis. For the single-label TH and kisspeptin IHC, the number of TH-or kisspeptin-immunoreactive cell bodies located within the anteroventral periventricular nucleus (AVPV), rostral preoptic periventricular nucleus, and caudal pre-optic periventricular nucleus were counted. Collectively, these brain regions are termed the rostral periventricular area of the third ventricle (RP3V; Herbison, 2008; Clarkson et al., 2009b) . For the embryonic and early postnatal brains, every section of the RP3V was analyzed in each mouse (three to five sections per mouse), and the number of kisspeptin-positive cells on each side of the third ventricle counted and presented as the estimated total number of cells per RP3V per mouse. For the adult mice, two brain sections at each level of the RP3V were analyzed in each mouse, and the number of TH or kisspeptinpositive cells counted. Cell counts for each area were determined and then combined to produce the mean number of TH or kisspeptin neurons per section for the RP3V of each mouse. The mean numbers of TH or kisspeptin cells per section in the RP3V of each mouse were then grouped to provide mean Ϯ SEM values for the experimental groups. For all experiments, the analyzer was blind to the treatment of the animals.
For the single-label vasopressin IHC, the density of vasopressin fiber staining in the lateral septum (LS) was determined. Images of the left and right lateral septi were captured at 10ϫ magnification with a SPOT RT (SPOT Imaging Solutions) digital camera and SPOT software under bright-field illumination. The light intensity and camera settings were kept constant across the sections to standardize the measurements. For each mouse, the density of vasopressin-immunoreactive fibers in the LS was examined in the section that corresponded to Figures 29 -30 in the Paxinos and Franklin (2001) brain atlas. Fiber density in the LS was analyzed using the NIH ImageJ software. First each image was converted to grayscale and then an identical threshold was applied to each image to obtain a binary image. An identical (75 m 2 ) oval-shaped region of interest (ROI) was applied immediately adjacent to the lateral ventricle on each binary image, and the mean gray value (MGV) within the ROI was measured as an index of vasopressin fiber density. The MGV for the left and right LS were averaged to give a single value for each mouse. The MGV for each mouse was then grouped to provide mean Ϯ SEM values for the experimental groups.
Analysis of the double-labeled tissue was undertaken by counting the number of single-labeled (brown cytoplasm only) and dual-labeled (brown cytoplasm and black nucleus) GnRH neurons in the preoptic area (POA). At least two brain sections representing the POA (Paxinos and Franklin, 2001 , their plates 26 -28) were counted per mouse. The percentage of GnRH neurons coexpressing cFos in each area was determined and then grouped to produce a mean percentage of coexpression per section in each mouse. The mean data from each mouse was then grouped to provide mean Ϯ SEM values for the experiment.
Statistical analysis. Statistical tests are described in the Results section for each experiment. The t tests and one-way ANOVA analyses were conducted using Prism 5.0b (GraphPad Software), and two-way ANOVA analyses were performed using SigmaPlot 12.0 (Systat Software).
Results

Experiment 1: testosterone levels are elevated at birth in male mice
We first established the profile of neonatal testosterone secretion in wild-type male and female mice over the first hours of life and on P2 and P7. There was a significant effect of sex (F (1,106) ϭ 30.99; p ϭ 0.001) and age (F (7,106) ϭ 3.03; p ϭ 0.014) on the level of plasma testosterone (two-way ANOVA for sex and age with post hoc Student-Newman-Keuls pairwise comparisons). Testosterone concentrations in male pups were elevated over the first 4 h of life with peak levels observed 1-2 h after birth (Fig. 1A) , which declined to low levels on P2 and P7. Female pups exhibited unvarying low levels of testosterone throughout the neonatal period (Fig. 1A ). There was a significant sex difference in the level of plasma testosterone at 0 -1 h ( p Ͻ 0.05), 1-2 h ( p Ͻ 0.001), 2-3 h (p Ͻ 0.001), and 3-4 h ( p Ͻ 0.05) post birth.
Experiment 2: male-specific activation of GnRH neurons at birth
The role of GnRH neurons in generating the neonatal testosterone surge remains unclear in any species. We used the fact that GnRH neurons only express cFos during periods of intense electrical activity (Hoffman et al., 1993) to investigate whether male GnRH neurons are activated at the time of birth. As the testosterone surge peaks at 1-2 h (Fig. 1A) , we examined for expression of cFos protein in GnRH neurons 1 h later in the 2-3 h period after birth. GnRH neurons were distributed in the typical "inverted Y" distribution within the preoptic area and cFos-positive cells were identified throughout the brain of both sexes. Dual-label IHC revealed that 13.1 Ϯ 2.0% of GnRH neurons were positive for cFos in male pups compared with 1.8 Ϯ 0.8% in females ( p Ͻ 0.05, Mann-Whitney U test; n ϭ 4 each sex; Fig. 1B-E) . The number of GnRH neurons counted did not exhibit a sex difference (34.5 Ϯ 3.0 male, 32.6 Ϯ 0.5 female cells per brain section; p Ͼ 0.05).
Experiment 3: deletion of the GnRH receptor results in defective sexual differentiation of the brain
Male-specific GnRH neuron activation and elevated testosterone levels in the first few hours after birth suggested that GnRH neurons may initiate the testosterone surge and thereby sexual differentiation of the brain. To test this hypothesis, we examined two well established neurochemical sex differences in the brains of GnRHR-KO and control mice that were GDX in the peripu- Figure 1 . The sexually dimorphic testosterone surge is accompanied by sexually dimorphic activation of GnRH neurons in the rostral POA (rPOA). A, Plasma testosterone levels in male and female mice killed at hourly intervals after birth on P0 and on P2 and P7 (n ϭ 3-19 pools of 2 mice/time point/sex). Groups were compared with a two-way ANOVA for sex and time post birth; with post hoc Student-Newman-Keuls pairwise comparisons; sex p Ͻ 0.001, time post birth p Ͻ 0.014. *p Ͻ 0.05, ***p Ͻ 0.001. B, C, Dual-label immunocytochemistry showing rPOA GnRH neurons (brown cytoplasm) and cFos-immunoreactive nuclei (black) in male and female (D) mouse pups 2-3 h after birth. Arrows indicate dual-labeled GnRH neurons (n ϭ 4/sex). Scale bar, 20 m. E, Quantification of the percentage of GnRH neurons expressing cFos in male and female mouse pups 2-3 h after birth. Groups were compared using a MannWhitney U test.
bertal period and treated with testosterone for 2 weeks (GDXϩT). This effectively clamps activational actions so that perinatal organizational effects of testosterone can be examined. The two markers of sexual differentiation were the male-dominant vasopressin fiber innervation of the LS (De Vries and Panzica, 2006) and the female-dominant TH neuron population of the RP3V (Simerly, 1989 (Simerly, , 1997 . Both sex differences are generated primarily from classical organizational and activational actions of testosterone.
Vasopressin First, we confirmed (De Vries and Panzica, 2006) the robust ϳ6-fold maledominant sex difference in LS vasopressin fiber innervation in intact wild-type mice (p ϭ 0.008, one-way ANOVA with post hoc Student-Newman-Keuls tests; p Ͻ 0.01; Fig. 2A ,B,E). We then examined LS vasopressin fiber density in male GnRHR-KO and control mice. As expected, vasopressin levels were not different between wildtype intact and wild-type GDXϩT males ( p Ͼ 0.05; Fig. 2 A, C,E) . However, male GDXϩT GnRHR-KO mice exhibited a profound 75% reduction in LS vasopressin fiber density ( p Ͻ 0.05; Fig. 2C -E) compared with GDXϩT controls and exhibited a vasopressin density not different to that of wild-type females ( p Ͼ 0.05; Fig.  2 B, D,E) . This indicates that GnRH receptor signaling in the perinatal period is essential for male-dominant sex-differences in the brain.
Tyrosine hydroxylase
As documented previously (Simerly, 1989 (Simerly, , 1997 , an ϳ1.5-fold, female-dominant sex difference was detected in the number of TH cell bodies located in the RP3V of intact wild-type mice ( p ϭ 0.003, one-way ANOVA with post hoc Student-Newman-Keuls tests; Fig. 2 F, G,J ) . As expected, TH cell counts were not different between wild-type intact and wild-type GDXϩT males ( p Ͼ 0.05; Fig. 2 F, H,J ) . However, GDXϩT GnRHR-KO mice exhibited TH cell numbers intermediate between intact males and females with numbers of TH neurons trending toward being female like compared with the wild-type GDXϩT male mice (p ϭ 0.11, Fig. 2H-J ) . This indicates that GnRH receptor signaling in the perinatal period may also contribute to female-dominant sex differences. To re-evaluate this scenario, we undertook a detailed series of IHC studies examining kisspeptin expression in the hypothalamus from E17 to P5. This study revealed that there is indeed a small population of ϳ15 kisspeptin neurons located in the RP3V during the perinatal period and that, interestingly, they only exist in male pups (Fig. 3A-C) . Whereas only a very few kisspeptin neurons were detected at E17, this increased over E19 ( p Ͻ 0.001; two-way ANOVA for sex and age with post hoc Student-Newman-Keuls pairwise comparisons), to peak at P0 ( p Ͻ 0.001), before declining at P1 ( p Ͻ 0.015) to zero on P5 in males ( p ϭ 0.008; n ϭ 2-12/sex at each time point; Fig. 3C ). Kisspeptinimmunoreactive neurons were never detected in the RP3V of females at any developmental time point (n ϭ 2-12 at each time point; Fig. 3B ). There was a significant sex difference at E19 ( p Ͻ 0.001), P0 ( p Ͻ 0.001), and P1 ( p Ͻ 0.001). Overall there was a significant effect of sex (F (1,50) ϭ 98.940; p Ͻ 0.001), age (F (4,50) ϭ 46.505; p Ͻ 0.001), and a significant interaction (F (4,50) ϭ 45.413; p Ͻ 0.001) on the number of neurons expressing kisspeptin in the RP3V. As reported by others, immunoreactivity for kisspeptin Figure 2 . GnRH signaling is necessary for the establishment of vasopressin and RP3V TH sexual dimorphism. Vasopressin immunoreactivity in the LS of adult intact male (A), intact female (B), and wild-type (C) and GnRHR-KO (D) male mice GDX on P41-P45 and treated with a testosterone capsule for 14 d. E, Quantitative analyses (mean Ϯ SEM) of the density of vasopressin fibers in the LS in intact wild-type male and female mice, and GDXϩT wild-type and GnRHR-KO male mice. TH immunoreactivity in the RP3V of adult intact male (F ), intact female (G), and wild-type (H ) and GnRHR-KO (I ) male mice GDX on P41-P45 and treated with a testosterone capsule for 14 d. J, Quantitative analyses (mean Ϯ SEM) of the number of TH-immunoreactive neurons in the RP3V in wild-type intact male and female mice and GDX ϩ T wild-type and GnRHR-KO male mice (n ϭ 4 -5/group). Scale bar, 100 m. Groups were compared using one-way ANOVA with post hoc Student-Newman-Keuls comparisons. Bars labeled with different letters are significantly different from each other at either p Ͻ 0.05 or p Ͻ 0.01 (see text). LV, lateral ventricle; 3V, third ventricle.
within the arcuate nucleus did not appear different between males and females at any of the developmental time points examined. This study demonstrates that a small population of RP3V kisspeptin neurons exists at the time GnRH neurons are activated in the perinatal male.
The above studies identified a male-specific expression of kisspeptin within RP3V neurons that peaked between E19 and P0.
We next questioned what may drive this event. Previous studies have indicated that an early gonadotropin-independent rise in plasma testosterone levels occurs during late embryogenesis (E14 -E19) in male rats and mice (Pointis et al., 1980; Weisz and Ward, 1980; O'Shaughnessy et al., 1998) . In postnatal life, kisspeptin synthesis within the RP3V population is regulated by circulating or aromatized estradiol levels in both sexes (Clarkson et al., 2009a (Clarkson et al., , 2012 . We therefore speculated that this early malespecific testosterone secretion might be responsible for the transient activation of kisspeptin biosynthesis in the RP3V around birth. Timed-pregnant female mice were injected with testosterone or the nonaromatizable androgen DHT on E18 and the effects on kisspeptin neuron number determined in male and female pups on P0 (n ϭ 4 -5/sex/treatment). There was a significant effect of sex (F (1,27) ϭ 25.294; p Ͻ 0.001), treatment (F (2,27) ϭ 39.577; p Ͻ 0.001), and a significant interaction (F (2,27) ϭ 15.452; p Ͻ 0.001) on the number of kisspeptin neurons in the RP3V of pups from steroid-treated dams (two-way ANOVA for sex and age with post hoc Student-Newman-Keuls pairwise comparisons). The pups from vehicle-treated dams exhibited the normal pattern of kisspeptin expression with ϳ15 cells detected in the RP3V of males and none in female (Fig. 3D) . Testosterone, but not DHT, induced the appearance of ϳ20 kisspeptin neurons within the RP3V of P0 female pups ( Fig. 3D ; p Ͻ 0.001). There was no difference between the number of RP3V kisspeptin neurons in male pups from vehicle-and testosterone-treated dams ( p ϭ 0.433), although male pups from the DHT-treated dams only had ϳ10 kisspeptin neurons ( p Ͻ 0.05). This study indicates that, following aromatization to estradiol, embryonic testosterone can induce kisspeptin expression in the RP3V at birth.
Experiment 5: GnRH neuron-specific deletion of Gpr54 results in defective sexual differentiation of the brain
To examine directly the hypothesis that kisspeptin-Gpr54 signaling at the GnRH neuron is involved in sexual differentiation of the brain, we used a GnRH neuron-specific Gpr54 knock-out mouse line (Kirilov et al., 2013) . Again, we reasoned that an essential perinatal role for kisspeptin signaling at the GnRH neuron in brain sexual differentiation would be revealed by peripubertal GDXϩT treatment of control and GnRH-Gpr54KO mice.
Vasopressin
Wild-type GDXϩT male and female control mice exhibited the normal ϳ6-fold difference in LS vasopressin density ( p Ͻ 0.001, two-way ANOVA with post hoc Student-Newman-Keuls tests; Fig. 4 A, B,E) . In contrast, adult GDXϩT GnRH-Gpr54KO males exhibited an ϳ 80% reduction in fiber density ( p Ͻ 0.001) making them equivalent to both GDXϩT wild-type and GnRHGpr54KO female mice ( p Ͼ 0.05; Fig. 4C-E ). There was a significant effect of sex (F (1, 22) Tyrosine hydroxylase Wild-type GDXϩT male and female control mice exhibited the normal ϳ1.5-fold difference in TH neuron numbers in the RP3V ( p Ͻ 0.001, two-way ANOVA with post hoc Student-Newman-Keuls tests; Fig. 4 F, G,J ) . However, adult GDXϩT GnRH-Gpr54KO mice failed to exhibit a sex difference in TH cell numbers with male mice exhibiting higher numbers of TH neurons compared with GDXϩT control males ( p ϭ 0.017; Fig. 4 F, H,J ) and these levels were no longer different compared with female mice ( p Ͼ 0.05; Fig. 4J ). Overall, there was a significant effect of sex (F (1,22) ϭ 28.640, p Ͻ 0.001) and an interaction between sex and genotype (F (1,22) ϭ 5.871, p ϭ 0.026). These data demonstrate that Gpr54 signaling at the GnRH neuron is required for establishing normal male-and femaledominant sex differences in the brain.
Experiment 6: GnRH neuron-specific deletion of Gpr54 results in a blunted neonatal testosterone surge
The results of the above studies indicate that disrupted kisspeptin signaling to GnRH neurons in male mice results in disordered brain sexual differentiation. To test directly whether this results from abnormal neonatal testosterone secretion we collected blood from male and female wild-type control and GnRH-Gpr54KO pups at the time of peak neonatal testosterone secretion 1-2 h following birth (n ϭ 8 -18/sex/genotype). Wild-type littermates displayed the expected sex difference in plasma testosterone concentrations ( p Ͻ 0.001; Fig. 5 ; two-way ANOVA for sex and genotype with post hoc Student-Newman-Keuls pairwise comparisons). In contrast, male GnRH-Gpr54KO pups exhibited significantly ( p ϭ 0.005; Fig. 5 ) reduced testosterone levels compared with wild-type male pups that were no longer different to that of female pups ( p ϭ 0.14). Overall, a significant effect of sex on the level of plasma testosterone (F (1,49) ϭ 17.390, p Ͻ 0.001), and a near-significant effect of genotype (F (1,49) ϭ 3.837, p ϭ 0.056) were detected. These data demonstrate that Gpr54 signaling at the GnRH neuron is essential for the normal neonatal testosterone surge in males.
Discussion
These investigations support the concept that kisspeptin neurons are involved in activating GnRH neurons in males during the perinatal period to generate the neonatal testosterone surge responsible for organizing brain sexual dimorphisms. We provide a detailed profile of testosterone secretion over the neonatal period in mice and show that a male-specific activation of GnRH neurons occurs at this time. Further, we present evidence that GnRH receptor signaling is essential for organizing the robust, maledominant sex difference in vasopressin fiber innervation of the LS, and likely contributes to the proper sexual differentiation of the preoptic area dopamine neurons. We also demonstrate a key role for kisspeptin signaling at the GnRH neurons in this process. Studies with GnRH-Gpr54KO mice showed that kisspeptin inputs to GnRH neurons were required for the neonatal testosterone surge as well as the organizational sex differences in the male-dominant vasopressin innervation of the LS and female-dominant number of preoptic area dopamine neurons. Although the source of these kisspeptin inputs to GnRH neurons remains unknown, we reveal here a previously unidentified population of male-specific RP3V cells that express kisspeptin transiently across the perinatal period.
Prior investigations exploring the role of GnRH neurons in the generation of the neonatal testosterone surge and brain sexual differentiation have not provided a consensus view. In support of a role for GnRH neurons, male rats treated in the first few days of life with a gonadotropin antiserum show incomplete sexual differentiation of sexual behavior (Goldman and Mahesh, 1970; Goldman et al., 1972) . Further, studies in rats and humans show that gonadotropins are elevated at the time of the neonatal testosterone surge (Corbier et al., 1978; de Zegher et al., 1992) . However, other investigators have reported that the testosterone Figure 4 . Kisspeptin-Gpr54 signaling at the GnRH neuron is necessary for the establishment of vasopressin and RP3V TH sexual dimorphism. Vasopressin immunoreactivity in the LS of adult wild-type male (A), wild-type female (B), male GnRH-Gpr54KO (C), and female GnRH-Gpr54KO (D) mice all GDX on P41-P45 and treated with a testosterone capsule for 14 d. E, Quantitative analyses (mean Ϯ SEM) of the density of vasopressin fibers in the LS in GDXϩT male and female wild-type and GnRH-Gpr54KO mice. TH immunoreactivity in the RP3V of adult wild-type male (F ), wild-type female (G), male GnRH-Gpr54KO (H ), and female GnRHGpr54-KO (I ) mice all GDX on P41-P45 and treated with a testosterone capsule for 14 d. J, Quantitative analyses (mean Ϯ SEM) of the number of TH-immunoreactive neurons in the RP3V in GDXϩT male and female wild-type and GnRH-Gpr54KO mice (n ϭ 5-7/sex/genotype). Scale bar, 100 m. Groups were compared using a two-way ANOVA for sex and genotype with post hoc Student-Newman-Keuls pairwise comparisons; sex p Ͻ 0.001, genotype p Ͻ 0.001. Bars labeled with different letters are significantly different from each other at either p Ͻ 0.05 or p Ͻ 0.001 (see text). MS, medial septum; LV, lateral ventricle; 3V, third ventricle.
surge is independent of GnRH receptor activation and gonadotropin secretion in rodents (Pang et al., 1979; Baum et al., 1988; McGivern et al., 1995) .
We describe here the profile of testosterone secretion across the first few hours following birth and show that males exhibit peak levels of testosterone ϳ6-fold higher than those of females in the 1-2 h interval after birth, similar to a previous report in mice (Corbier et al., 1992) . Taking insight from this profile we then examined cFos protein expression in GnRH neurons 1 h following peak testosterone levels and found that 13% of GnRH neurons were positive for cFos in males compared with 2% in females. We note that a recent paper failed to detect a sex difference in cFos mRNA expression in GnRH neurons in the neonatal period (Poling and Kauffman, 2012) . This likely reflects their use of the wide 0 -4 h post birth sampling period, examination of cFos mRNA that is transient compared with protein, and the relative insensitivity of dual in situ hybridization compared with dual DAB IHC. To our knowledge we provide here the first evidence for a male-specific activation of GnRH neurons in the neonatal period and offer important support for the concept that GnRH neurons are involved in generating the neonatal testosterone surge. This also suggests that, just as in monkeys (Plant, 1985) , there is an initial activation of the hypothalamo-pituitarygonadal axis after birth with a subsequent hiatus until puberty onset in male rodents.
In addition to observing a male-specific activation of GnRH neurons at the time of the neonatal testosterone surge, we also found that brain sexual differentiation is disrupted in mice lacking GnRH receptor signaling. The male-dominant sexual dimorphism in LS vasopressin fiber innervation was completely transformed into a female-like pattern of expression, while the female-dominant sex difference in preoptic TH neuron numbers trended toward a female-like pattern in male mice lacking GnRH receptors. These results are congruent with previous work demonstrating abnormalities in kisspeptin sexual differentiation in male hpg mice where the number of RP3V kisspeptin neurons is increased in male hpg mice compared with their wild-type littermates (Gill et al., 2010 ). We did not assess neonatal testosterone levels in the GnRHR-KO mice in the present experiments. Nevertheless, the combination of our plasma testosterone and GnRH-cFos studies in wild-type mice coupled with the findings in GnRHR-KO mice suggest an important role for GnRH neurons in the neonatal testosterone surge and organizational sexual differentiation of the brain.
Accumulating evidence suggests that embryonic GnRH neurons express Gpr54 and are functionally regulated by kisspeptin in utero (Constantin et al., 2009; Fiorini and Jasoni, 2010; Knoll et al., 2013; Kumar et al., 2014) . As such we were interested to explore whether kisspeptin inputs to GnRH neurons may be critical for activating GnRH neurons in the perinatal period to generate the male testosterone surge. To do this we used a new mouse model with a GnRH neuron-specific deletion of Gpr54 (Kirilov et al., 2013) . As is the case for the global Gpr54KO mouse line (Messager et al., 2005) , the neuroanatomical distribution of GnRH neurons appears normal in adult GnRH-Gpr54KO mice (Kirilov et al., 2013) . Importantly, we show that the neonatal testosterone surge is significantly blunted in male GnRHGpr54KO pups indicating a key role for kisspeptin inputs to male GnRH neurons in the generation of the neonatal testosterone surge. We note that a recent study failed to find any significant differences in neonatal testosterone concentration in a global Gpr54KO mouse line (Poling and Kauffman, 2012) . Again, it is relevant to note that the timing of blood collection is different, as a 0 -4 h interval for the Poling and Kauffman (2012) study is compared with the 1-2 h interval used here. It is likely that the small 1.5-fold sex difference in testosterone levels observed in that study, compared with sixfold reported here, arises from this variability in the window of blood collection.
As the neonatal testosterone surge is substantially attenuated in male GnRH-Gpr54KO pups, it was not surprising to find that organizational brain sexual differentiation is abnormal in these mice. Both the LS vasopressin fibers and preoptic dopamine neurons are female like in GDXϩT male GnRH-Gpr54KO mice. These data are compatible with previous findings demonstrating that the sexual differentiation of TH and Kiss1 mRNA-expressing cells in the RP3V is disrupted in global-Gpr54 knock-out mice (Kauffman et al., 2007) . Of note, there is no disruption to the sexually dimorphic characteristics of the female GnRH-Gpr54KO mice. Together, these results indicate that Gpr54 receptors on GnRH neurons in newborn male pups are essential for the establishment of brain sexual differentiation.
The sexually dimorphic activation of perinatal GnRH neurons by kisspeptin would require major sex differences to exist in either Gpr54 expression by GnRH neurons, or their kisspeptin inputs. Similar numbers of male and female GnRH neurons are found to be transcribing Gpr54 at birth . This leaves open the possibility that sex differences exist in kisspeptin inputs to GnRH neurons at birth. To date no consistent sex differences have been found in kisspeptin peptide or mRNA expression in the ARN in the perinatal period (Desroziers et al., 2012b; Walker et al., 2012; Knoll et al., 2013) . Importantly, there is now evidence that ARN kisspeptin neurons innervate GnRH neurons in late gestation in females (Kumar et al., 2014) , although it is not known whether this input is sexually dimorphic. An alternative possibility is that a sexually dimorphic kisspeptin input may come from the RP3V as AVPV inputs to GnRH neurons are established before birth (Polston and Simerly, 2006) . In reassessing this issue we identified a small population of RP3V kisspeptin neurons that appeared only in perinatal males. It is possible that a similar population may exist in the rat (Desroziers et al., 2012b). Although we presently have no evidence that this perinatal population innervates GnRH neurons, their location and temporal profile make it tempting to speculate that they may represent the sexually dimorphic kisspeptin input to GnRH neurons in male pups.
Studies in rodents indicate that there are two distinct increments in testosterone secretion in the second half of embryogenesis. The first occurs from approximately E14 -E19 and is independent of gonadotropin secretion (Pointis et al., 1980; Weisz and Ward, 1980; O'Shaughnessy et al., 1998) , whereas the second peak occurs shortly after birth and is driven by the GnRH neuron-gonadotropin axis. We provide evidence that the first testosterone rise may in fact be a positive feedforward stimulus driving the male-specific perinatal kisspeptin expression in the RP3V. Administering pregnant dams with testosterone, but not DHT, at E18 generated the same perinatal RP3V kisspeptin population in female P0 pups. These new observations also indicate that there are at least two distinct estrogen-dependent "waves" of kisspeptin expression in the RP3V; a transient perinatal, maledominant population followed by a prepubertal, female-dominant population.
Together the results of the present investigations support the concept that GnRH neurons are involved in generating the neonatal testosterone surge required for organizational sexual differentiation of the brain. They also highlight a key role for kisspeptin inputs to GnRH neurons in the generation of the neonatal testosterone surge and establishment of brain sex differences. A striking correlation between the transient appearance of a male-specific kisspeptin population in the RP3V and the activation of GnRH neurons has also been observed. Overall, this study extends the role of kisspeptin-Gpr54 signaling at the GnRH neuron beyond that of controlling puberty and adult fertility to the process of sexual differentiation of the brain.
